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The integration of organic crystals into photovoltaic devices represents a powerful strategy to investigate exciton and charge transport in ordered organic semiconductors, [1] and it represents a promising approach towards high-performance and cost-effective photoelectrical conversion on flexible substrates. [2] These photonic devices can take advantage of the outstanding characteristics of organic semiconductors such as their tunable optoelectronic properties via design at the molecular and supramolecular level, their large absorption coefficient, etc. [3] Furthermore, the high efficiency of charge and exciton transport in crystals provides organic semiconductors the potential to rival amorphous silicon (α-Si).
[4]
For example, the exciton diffusion length in rubrene crystals could reach a few micrometers, being even comparable to the light absorption length. [5] Further, in some highly crystalline organic semiconductors, singlet fission was observed. [6] Such evidence suggests that organic crystals could be exploited in high performance photovoltaic devices to simultaneously achieve sufficient photon absorption and efficient exciton separation after rational interface engineering. [7, 8] However, structurally anisotropic self-assembled architectures such as organic crystals heterojunctions, whose shape and size can largely vary, are notoriously difficult to be integrated into the standard vertical geometry photovoltaic devices by making use of simple approaches. [9] Hitherto, planar devices with electrodes arranged in lateral configuration have been proved to be a feasible platform to demonstrate crystal-based organic photovoltaics. [10] Unfortunately, the long electrode-to-electrode distance (tens to hundreds micrometers) in such a geometry determines a slow photoresponse and significant charge recombination because the photo-generated charge carriers have to travel a long way before reaching the electrodes.
In addition, extra effort is required to implement electrode asymmetry, i.e. having architectures with cathode and anode electrodes featuring different work-functions. Such asymmetry is vital to achieve a full control over the injection and extraction of either holes or electrons. Consequently, these limitations and challenges associated with device fabrication Submitted to 3 make organic crystal-based photovoltaics less appealing in spite of its huge technological potential.
By taking advantage of a recently reported nanomesh scaffold, [11] herein we have successfully addressed this challenge by proposing a general strategy to simultaneously connect multiple nanowire/microplate crystals heterojunctions with honeycomb-shaped asymmetric nanoelectrodes (i.e., nanomesh scaffold) to explore their photovoltaic properties.
By mastering a method which relies on phase transfer (PT), we have self-assembled N,N′-Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) n-type crystalline nanowires (CNWs) as model system to demonstrate our device design. [12] Differently from the solvent-induced precipitation (SIP) nanowires integrated previously in the hollow-structured nanomesh scaffold, [11] here the greater crystalline nature and rigidity of PT-CNWs enables their integration in the nanomesh through the formation of a physical contact specifically only with the upper electrode while forming an air gap with the bottom electrode. Such air gap can be filled with a second semiconductor of opposite polarity (in this case p-type) in order to realize a p-n heterojunction by solution processing. We chose 6,13-Bis(triisopropylsilylethynyl) pentacene (TIPS-PEN), which exhibits high tendency to crystallize in solution, to be coupled to PTCDI-C8 because these two components exhibit complementary absorbance and therefore the device response can occur on a broader spectral region. In contrast to the conventional vertical diode architecture, where the semiconductor is sandwiched between the electrodes, our strategy adopts a vertical-yet-open device structure, which allows the successive deposition of each semiconductor after completion of electrodes patterning and possible interface engineering. Hence this method is versatile and can be exploited to integrate also other discrete organic crystalline semiconducting architectures into high performance optoelectronic devices in absence of transparent electrodes like ITO.
The fabrication steps of the nanomesh scaffold was monitored by scanning electron microscope (SEM) as shown in Figure S1 . While we have already recently reported on the Submitted to 4 fabrication of this nanomesh scaffold, [11] the major difference between the present work and our former publication relies on the rigidity of nanowire being integrated. In our previous work, highly conformal nanowires were employed at expenses of a not optimal degree of crystallinity. In the present paper we further extend the use of nanomesh scaffold to bicrystalline structures for enhanced photonics response. PTCDI-C8 was chosen as a model system for these two contributions because of its propensity to stack forming one-dimensional nanowires with crystallinity and rigidity that can be tuned by the employed growth method, e.g. solvent induced precipitation (SIP) and phase transfer (PT) ( Figure S2 ). [11, 13] Generally, when the rate of the self-assembly process of PTCDI-C8 molecules is reduced, nanowires featuring higher crystalline degree, larger size and higher stiffness are produced. [14] For example, PT-CNWs are thicker (ca. 200 nm) and so more rigid than SIP-NWs, the latter exhibiting a typical thickness of 40-50 nm ( Figure S3 ). As a result, when both these nanowires are deposited onto nanomesh scaffold, SIP-NWs are conformal enough to bend and to make electrical contact with both electrodes on the same time, [11] whereas PT-CNWs would be suspended across the nanoholes as shown in Figure 1a and 1b. As we described above, the formation of air gap allows us to interface p-and n-type semiconductors with cathode and anode separately by filling the air-gap with the second semiconductor ( Figure 1c ).
Before spin-coating TIPS-PEN onto the nanomesh scaffold which has been decorated with PTCDI-C8 PT-CNWs, a thin layer of lithium fluoride (LiF) dielectric film is evaporated as the protecting layer ( Figure 1c ). In this way the TIPS-PEN makes electrical contact only with the masked area below the nanowire, in between the latter and the silicon electrode. This is because the whole surface has been passivated by LiF, except in the region of silicon electrode beneath nanowires, that act as shadowing mask for the deposition ( Figure S4 ).
Furthermore, LiF protecting shell could also improve the stability of PTCDI-C8 nanowires against solvent corrosion when TIPS-PEN/anisole solution is spin-coated ( Figure S5 , S6 and Submitted to 5 S7). The solubility of PTCDI-C8 in anisole was also studied by UV-visible absorption spectroscopy (see Figure S8 ).
The optical microscopy (OM) and SEM images in Figure 1d and 1e portray the device surface being decorated with PTCDI nanowires and elongated TIPS-PEN microplates from top view and bird's-eye view, respectively. The appearance of birefringence, as evidenced by linearly-polarized microscopy images in Figure 1d , suggests the bi-crystal nature of PTCDI-C8 and TIPS-PEN which are both grown in solution. [12, 15] The SEM image in Figure 1e shows the device morphology, formed by nanowires that are surrounded by microplates. It is evident that neither PTCDI-C8 nor TIPS-PEN can fully cover the surface, being a limit in the integral photocurrent for a given device surface area. Here we should note that the calibration of real p-n interface area, which is necessary to calculate the external quantum efficiency, becomes difficult because this interface is hidden under the PTCDI-C8
nanowires. [11] XRD characterization casts light onto the molecular packing in the device. Figure 2a shows that SIP-derived nanowires are in the same crystallographic phase with nanowires grown through phase transfer. Thanks to the prolonged time for molecules to assemble during phase transfer, PT-CNWs exhibit much higher degree of crystallinity than SIP-NWs ( Figure   S2 ). All the XRD peaks measured on the final device ( Figure 2b ) could be unambiguously assigned to either PTCDI-C8 or TIPS-PEN crystals. [12, 15] These distinct and intense XRD peaks, together with the birefringence (Figure 1d ), provide unequivocal evidence for the high degree of order within the crystals as a prerequisite towards the fabrication of high performing crystals-based organic photovoltaic devices. Importantly, the two selected semiconductors, i.e.
PTCDI-C8 and TIPS-PEN, exhibit complementary spectral features as evidenced by UVvisible absorption spectroscopy in Figure 2c . Hence photonic devices using these two molecules as absorbers should exhibit a broader wavelength coverage for the light energy exploitation. Here we should note TIPS-PEN and PTCDI-C8 could form exciton dissociation Submitted to 6 favorable donor-acceptor-interface thanks to the properly aligned HOMO-LUMO energy levels. As shown in the inset of Figure 2c , both ΔLUMO (TIPS-PEN −3.4 eV vs. PTCDI-C8 −3.7 eV) and ΔHOMO (TIPS-PEN −5.1 eV vs. PTCDI-C8 −5.9 eV) are energetically large enough to drive interfacial charge transfer upon illumination. [11, 15] The I-V curves of the obtained optoelectronic device, recorded while irradiating with red, green, yellow and blue light are plotted in Figure 3a together with dark current. The signal-to-noise ratio always exceeds 10 7 under a bias of 0 V for monochromatic illumination.
Under a 1.5 V bias voltage, the signal-to-noise ratio could still reach 10 4 . The photovoltaic detector also exhibits outstanding current switching upon irradiation without appreciable relaxation and trailing ( Figure 3a inset; Figure S9 ). [16] To clarify the origin of photocurrent in the crystal heterojunction, we recorded the short circuit current (I SC ) by changing the irradiation wavelength from 320 nm to 690 nm. Since the light power density upon wavelength is also uneven, we multiply UV-visible absorbance of each material with the spectral power density function of our light source to get two dashed lines shown in Figure 3b .
Apparently, the photocurrent peaks could be ascribed to either PTCDI-C8 or TIPS-PEN, suggesting that both crystals have contributed to the overall photocurrent. We also compared the photoresponse of identical device before and after depositing TIPS-PEN (black line in Figure 3b and Figure S10 ), from which we can find the responsivity value dramatically increased of ca. 5000-folds upon TIPS-PEN deposition. The significant responsivity enhancement, together with the appearance of TIPS-PEN featured response peak at 640 nm, prove the successful fabrication of asymmetrical heterojunction.
In Figure 3c , we investigated the relationship between photocurrent and light intensity shone on the device. Because of the photocurrent saturation effect, the short circuit current would not increase linearly with more intensive illumination.
[17] An external voltage bias or a built-in electrical field will be helpful to further improve the device performance by accelerating photo-generated charges towards the electrodes. [11] In the color-filling contour The V OC (ca. 0.35-0.40 V) is rather stable but slightly tuned by irradiation wavelength also.
For the wavelength that TIPS-PEN exhibits more significant absorbance than PTCDI-C8, the device will show a relatively higher V OC . This phenomenon might originate from the fact that ΔLUMO is smaller than ΔHOMO (0.3 eV vs. 0.8 eV) in the crystals heterojunction, so the excitons generated in TIPS-PEN will lose less energy when separated at p-n interface. [8] In Figure 3e and f, we illustrated the photo responsivity would be enhanced by applying a working voltage. For example, the responsivity has increased from 2.0 mA/W to 10 mA/W by applying a 1.5 V bias. For a given voltage bias, the photodetector will show a better responsivity under a lower incident light power. In fact, we have observed distinct wavelength-dependent photo responsivity even at ultralow light power density of 4-10 nW/cm 2 (see Figure S12 ), with the responsivity value being two-times larger than that taken under more intensive illumination shown in Figure 3f .
The short distances the dissociated excitons have to travel to reach electrodes in our geometry are supposed to result in a fast device photoresponse. [18] As shown in Figure 4a , we performed transient photo response characterization by irradiating the device with a 3-ns laser pulse (λ tunable in the range from 440 nm to 700 nm) and then recorded the photocurrent by an oscilloscope. The response time, i.e. the time needed for the photocurrent to peak, was always shorter than 100 ns with slight variations upon laser irradiation, especially for red light at λ = 700 nm, which is at the maximum absorption in TIPS-PEN, but where the absorption in PTCDI-C8 is lower. Therefore, we chose λ = 500 nm (absorption peak for PTCDI-C8 but valley for TIPS-PEN) together with λ = 700 nm as test wavelengths to investigate how the working voltage affects the device response time (Figure 4b ). In accordance with Figure 4a , the 0 V photocurrent reaches its maximum in less time if the samples are illuminated by λ = 500 nm than with λ = 700 nm. In both irradiation wavelengths, the response time is further Submitted to 8 improved, i.e., from 34 to 17 ns (λ = 500 nm) and from 93 to 36 ns (λ = 700 nm) by applying an external voltage of 1.5 V.
Thanks to the fast response, we demonstrated an interesting application for this highspeed photodetector. As shown in Figure 4c , we recorded very sharp peaks by scanning the monochromatic light wavelength between 300 nm and 690 nm rapidly. Zooming-up the peak into 1 ms timescale, we found that the profile, position and height of the photocurrent peaks were in perfect agreement with photocurrent spectrum taken on an identical device with much slower scanning speed of tens seconds (Figure 4d ; dash line). This phenomenon strongly suggests that our crystal-based photodetector is able to record fast wavelength scanning within 1 ms with appreciable accuracy. More supporting experiments are provided in Figure   S13 and S14. Here we note that the main limitation for higher time resolution is the large sampling intervals (ca. 0.2 ms) of the ammeter used.
This honeycomb-shaped device geometry also provides the possibility to tune the response spectrum by mixing different kinds of nanowires into a single optoelectronic device.
In addition, other types of self-assembled nanofibers featuring tunable photoresponse and electrical properties can be envisaged by using this strategy. 19 Because the UV-visible absorbance is also dependent on the molecular aggregation state for a given material, here we demonstrated to blend PTCDI-C8 PT-CNWs and SIP-NWs with different ratio to tune the responsivity spectrum. As shown in Figure 4e , the location and intensity distribution of PTCNWs and SIP-NWs absorption peaks are different, where the red shift of resonance peaks could be correlated to the increased crystalline degree. By mixing these two kinds of PTCDI-C8 nanowires together, we have developed photonic devices with tunable photoresponse spectra as determined by the UV-visible absorption (Figure 4f ). Such result is very interesting because the response spectrum is tuned simply by molecular aggregation without influencing the HOMO-LUMO energy alignment in the system. In addition, the two electrodes can be functionalized by using either thiol-or silane/silazane chemistry, respectively for the top and Submitted to 9 the bottom electrode. This allows to tune rather finely the wettability and work function of the electrodes and to maximize the energetic asymmetry which favors photon harvesting.
20
In summary, we have reported a novel photovoltaic detector based on organic crystal heterojunction, and demonstrated its advantages including the ultrahigh signal-to-noise ratio of 10 7 , ultrafast photoresponse less than 100 ns, tunable optoelectronic response spectrum and high sensitivity to light, even at low irradiation power. Our results prove that nanomesh scaffold is a powerful device platform to realize photoelectrical conversion in organic semiconducting nanowires regardless of their conformity. In principle, our approach is also applicable to all combinations of p-n organic semiconductors as long as they are processed using orthogonal solvents. In the future, many different kinds of organic crystalline nanowires with high absorption coefficient, long exciton diffusion length, the possibility to be processed in orthogonal solvents, as well as other desirable properties like singlet fission could also be incorporated into photovoltaic devices by the aid of nanomesh scaffold to make full use of their outstanding optoelectronic properties. Furthermore, ongoing study is undertaken to make our vertical-yet-open asymmetric architecture more general for the other discrete organic crystals of different shape and size besides phase transfer and solvent induced precipitation derived nanowires.
Experimental Section
Materials: Polystyrene (PS) nanospheres mono-dispersed suspension (10 w%, in water), lithium fluoride (99.995%), N, 4, 9, Optoelectronic measurement: The optoelectronic characterization was performed in the glovebox filled with nitrogen. We used Polychrome V system as monochromatic light source, which was purchased from Till Photonics. The output power has been calibrated by PM100A
Power Meter from Thorlabs company. Keithley 2636A system sourcemeter was used to make the electrical characterization.
Transient photoresponse characterization:
The laser pulse duration was 3 ns, and its repetition rate was 10 Hz. All measurements were performed in a nitrogen atmosphere with H 2 0 and O 2 levels below 10 ppm. The Si substrate was referred as an anode and was connected to zero potential during the measurement. The AC signal from the cathode, separated by a circuit comprising a capacitor and a coil (bias-T) was connected to a 2 GHz current amplifier.
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